Introduction
Cellobiose oxidase (CHO) is a flavo-haem b enzyme secreted by the white rot fungus I'hunerochaete chtysosporium and is thought t o play a part in the ligno-cellulose degradation system of this microorganism [ 1-41. T h e enzyme (Mr-89000) 151, Abbreviations used: CHO, cellobiose oxidase; SVD, singular value decomposition. *To whom correspondence should be addressed. similar to yeast flavocytochrome bL, comprises two separable domains, a haern protein ( M , of 3 1 000) and a larger flavin-bearing protein synonymous with cel1obiose:quinone oxidoreductase [6] . T h e haem b group is hexaco-ordinate and low-spin in both redox states and spectral analysis indicates that the protein donates histidine and methionine ligands to the iron as in the class I c-type cytochromes. Previous kinetic investigations have shown that the substrate, cellobiose, rapidly donates electrons to the flavin moiety which in turn passes electrons to the haem group [7,X] . This latter process, as shown below, may be reasonably rapid but, as the enzyme is reputedly monomeric, poses certain conceptual problems regarding the mechanism by which a two-electron donor, cellobiose, fully reduces the three-electron acceptor, FAI>/haem 6 (see also [ 71).
The separated flavin domain is capable of catalysing the oxidation of cellobiose and thus the haem group appears unnecessary for this part of the enzyme's function [6] . Kremer and Wood 141 have suggested that the role of the haem may be to act as a facile single-electron reductant for iron chelates in the local environment of the micro-organism. The haem ligand set is consistent with this view and recently it has been shown that haem b of CHO can rapidly donate electrons to single-electron acceptors such as cytochrome c and cytochrome ci i , [8] .
Here we report further transient kinetic studies on CHO, paying particular attention to the pII dependence of the electron transfer to haem b and its subsequent oxidation by iron complexes.
The broad conclusion we draw is that at the pH optimum for the enzyme both haem reduction and oxidation may be fast, lending further support to the view that the role of haem b in uzuo may be to reduce iron complexes in the environment, which are subsequently oxidized by H,O,-generating reactive radicals important for initiating lignin degradation.
Materials and methods

Protein purification
CHO from white rot fungus P. chrysosporium (Commonwealth Mycology Institute 172727) was purified as described by Jones and Wilson [7] . The enzyme concentration was determined spectroscopically (Philips PU 8700 or Cary 2300), using A E = 12.1 mM -cm (reduced -oxidized, A562 nm).
For kinetic experiments the enzyme was dissolved in either 50 mM sodium citrate or 50 mM sodium acetate buffers of the required pH value containing 0.2 M NaCl and purged with nitrogen to avoid side reactions with oxygen. Fe,(C,O,), .6H,O was purchased from Aldrich Co. Ltd., (Poole, Dorset, U.K.) and K3Fe(CN), from Fisons Ltd.
(Loughborough, Leics., U.K.)
Kinetic measurement and data analysis
Rapid-mixing experiments were performed with a Hio DX-17MW stopped-flow ASVD spectrofluorimeter (Applied Photophysics) with a 1 cm observation path length and a measured dead time of 1 ms. An Acorn Archimedes computer controlled by RISC 0s desktop software was used to collect data.
Typically three or four traces, each containing 400 data points, were averaged and the data fitted to an appropriate mechanism. 1Jnless otherwise stated, all , stopped-flow experiments were carried out at 24°C.
Accumulation of data over a wavelength range allowed time-resolved spectra to be collected. The absorbance/time/wavelength matrix (A) may be written as the product of three other matrices, A = U . S . V where U and V are orthogonal and S is a diagonal matrix. The process of finding U, S and V is termed singular value decomposition (SVD). The columns of the U matrix yield base spectra, a linear combination of which generate any spectrum forming part of the original data set, and the V columns are the time course of these spectral components. The S matrix gives the singular value (SV) for each U and V column and assigns the relative contribution which each base spectrum makes to the data set [9] . Analysis by SVII thus yields the base spectra and the number of spectral components necessary to fit the data set. Hy fitting the time courses (V columns) of the component spectra to an appropriate mechanism the spectra of the intermediates in the chosen mechanism may be revealed.
Results and discussion
Kinetics of haem b reduction
The kinetics of reduction of CHO by cellobiose were determined at a series of pH values and at a number of cellobiose concentrations. Figure 1 shows the observed time courses monitored at 562 nm, the wavelength of the a-band of ferrohaem b and where previous studies [7] have indicated that only haem b absorbs. These time courses are complex, comprising a short lag phase during which partial flavin reduction occurs (results not shown) followed by biphasic haem reduction. The strong pH dependence is evident, the reduction rate increasing on lowering the pH to 4 and thereafter falling as the pH was further decreased. Analysis of the data in Figure 1 showed the pseudo-first-order rate constants for the processes conform to simple single protonation events with pK, values of 3.83k0.31 and 5.1kO.41 (meankS.E.M., n=9). This pH dependence is in reasonable agreement with that determined from steady-state kinetic
SVD analysis of time-resolved spectra collected during the reduction of the enzyme by cellobiose at pH 6 has recently been reported [XI and showed. unambiguously, that reduction proceeded via an intermediate in which the tlavin is fully reduced and the haem group oxidized and that, at this pi], the flavin to haem electron-transfer rate is slow (as also seen in Figure 1 ). We have collected a similar data set at pII 4, close to the pI I optimum of the enzyme. Analysis has proven more difficult under these conditions and reconstruction of the spectra of intermediates is not as yet unambiguous. I Iofiever, it is clear, as it is at pl I 6, that no evidence is provided for the participation of tlavin radicals in the reaction and thus if such species occur as intermediates, as presumably they must. they are present in very low concentraTherefore, although not fully understood in mechanistic terms, it appears that haem 6 may be rapidly reduced under p1 I conditions thought to occur in the micro-organism's in vzvo environment. This is a strong indication that electron transfer to haem is a biologically relevant process. Ihring this time the enzyme 'turns over', taking electrons from the cellobiose and passing them to haem b (see Figure l) , which in turn donates electrons to Fe(II1) oxalate. In the steady state the rates of haem reduction and oxidation are, by definition, equal. The small rise in absorbance during steady state is due to spectral changes induced by reduction of the iron complex. Once cellobiose becomes depleted, full oxidation of the haem b ensues (Figure 3) . At each pH value the apparent rate constant of the initial phase was dependent on the ferrioxalate concentration, indicating a second- This constant must at present, however, be considered provisional and is probably an underestimate as no account has been taken of the rapid reduction of haem b which occurs simultaneously under these conditions (see Figure 1) .
The experiments described in this section demonstrate the ability of haem b to participate in rapid electron-transfer reactions with singleelectron acceptors. The effect of ionic strength on the reaction with cytochrome c, which bears a positive charge at this pH, indicates that the cytochrome c interaction site on the haem domain, and thus possibly the electron-transfer site near the haem b, may bear a negative charge. This being so, it is remarkable, even given the greater driving force, that the ferricyanide anion reacts so rapidly with haem b. As discussed elsewhere [8] , the ease with which electron transfer occurs suggests that the edge of the haem b may be located near the protein surface and be readily accessible to bulk solution.
Conclusions
The results presented show that at the pH optimum of the enzyme (pH -4), the pH value of the leaf litter or decaying wood, haem b may be rapidly reduced by electron transfer from cellobiose via flavin. The reduced haem b is a very facile electrontransfer agent, passing electrons to cytochromes [8] or iron complexes and chelates. The average concentration of iron in decaying wood has been esti- 
